Tests of the universality of free fall and the weak equivalence principle probe the foundations of General Relativity. Evidence of a violation may lead to the discovery of a new force. The best torsion balance experiments 1 have ruled it out to 10 −13 . Cold-atom tests 2-5 have reached 10
and promise to do 7 to 10 orders of magnitude better 6-10 , on ground or in space. As massdropping experiments 2-4 in a non uniform gravitational field they are sensitive to initial conditions. Errors in the relative position and velocity of the atom clouds at release give rise to a systematic effect which mimics a violation, and these offsets are never measured concurrently with the drop. At the current 10 −7 level they are not an issue. Here we show that when aiming at 2 · 10 −15 as in 9,10 , a fundamental limitation arises. Heisenberg's principle does not allow the centre of mass of free atom clouds to be confined at will in both position and velocity space. The required confinement would be short of the position-momentum uncertainty limit by a factor of 1000. To reach the target performance, one single measurement of the space experiment 9,10 would have to execute hundreds of thousands of drops, uncorrelated, in unchanged experimental conditions, for three years, and still have no time for checking systematics and no way to distinguish the effect of initial condition errors from a violation signal.
The Universality of Free Fall (UFF) and the Weak Equivalence Principle (WEP) in the field of Earth have been tested with macroscopic proof masses of different composition by dropping them from a height and by suspending them on a torsion balance. The Eötvös parameter η = ∆a/a -the fractional differential acceleration of the falling masses-which quantifies a violation (η = 0 if UFF/WEP holds) has been measured with drop tests 11 to 7 · 10 −10 and almost 4 orders of magnitude better, to 10 −13 , with torsion balances 1 . Initial Condition Errors (ICE) in drop tests are the culprit, and the torsion balance has no competitor 12 .
The absolute value of the gravitational acceleration g has been measured by dropping caesium atoms in a light pulse atom interferometer 13, 14 to ∆g/g 3 · 10 −9 (and to 1.1 · 10 −9 with macroscopic masses and laser interferometry 15 ). At the 10 −9 level the systematic effect of the gravity gradient γ must be taken into account and was calculated for the atom interferometer 14, 16 . Only its first order term is relevant 13 :
where z • , v • are the initial position and velocity of the atom, T is the time interval between light pulses and γ 3 · 10 −7 g/m in the laboratory.
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For a free falling mass (including a single atom) whose initial conditions are not exactly zero but have errors ∆z • , ∆v • (in the direction to the centre of mass of Earth) the first order tidal acceleration at the height of fall z(t) is:
with M ⊕ , R ⊕ the mass and radius of Earth, G the universal constant of gravity and:
as in (1). As pointed out by 17 , the discrepancy of (1) from the result (2) in the coefficient of the quadratic term depends on the fact that in the atom interferometer the acceleration of the atoms is measured as a second difference of their positions at the times 0, T and 2T when -during their ballistic flight-they are subjected to light pulses. We find that in the case of the t 4 position term the second position difference is a poor approximation of the second time derivative, yielding 7 12 γgt 2 instead of the correct 1 2 γgt 2 term, with an excess error by 1 12 γgt 2 . In 13 , with T = 160 ms, this error is ∆g/g = 6.5 · 10 −9 . They report a careful analysis of the systematic gradient effect (∆g/g = 31 · 10 −9 total) whereby it was reduced to ∆g/g = 0.2 · 10 −9 . With T = 1.15 s as achieved by 18 , the excess error in the t 2 term is ∆g/g = 3.4 · 10 −7 . In space, at low Earth altitude h the gravity gradient is:
(g(h) the gravitational acceleration at altitude h). Unless the spacecraft attitude is fixed in space the centrifugal gradient must be added, which is 1/2 of the gravity gradient.
In proposed drop tests of UFF in space 7-10 two overlapped clouds of different isotopes fall in a Dual-IsotopeInterferometer (DII). The free fall acceleration is measured simultaneously for each cloud. By computing their difference, the acceleration of interest ∆g = ηg(h) is derived. In space the leading term is the inertial acceleration arising because of non-gravitational forces acting on the outer surface of the spacecraft. This inertial acceleration is huge compared to the target, but common to both clouds, and therefore, if the instrument is properly designed, it can be rejected so as not to affect the differential signal of interest. If not rejected, it must be compensated by drag-free control of the spacecraft. 
where γ is (3) on ground and (4) in space. If N atoms are released together, random velocities abate with √ N , and position errors are √ N smaller too, hence:
With n uncorrelated drops/shots, the sigmas of the centre of mass position and velocity at initial time, i.e. ∆z • / √ N and ∆v • / √ N can be further reduced by √ n. In a DII, the random contribution (6) to the relative acceleration increases by √ 2, since two independent measurements are performed.
There is also a systematic contribution:
where ∆z •−rel , ∆v •−rel are the relative distance and velocity (in the direction to Earth's centre of mass) between the centre of mass positions and velocities of the two clouds at initial time, which are unknown. Once the clouds are released, the information provided by the instrument comes from each cloud individually, and no information is available on their initial offsets. Thus, (7) can be estimated and/or inferred from other measurements, but is not measured during the drop itself. This is a systematic error and it is mandatory to demonstrate that the measured η = ∆g meas /g is not due to it. With macroscopic bodies a rigorous null check of the UFF drop test 11 was done by dropping masses of the same composition with the same apparatus, which led to establishing a limiting sensitivity η 7 · 10 −10 . A null check of this type with free atoms as test masses would require making the atoms slightly different (e.g. the same atom in different metastable states), with a difference that allows them to be distinguished in the measurement, but that is negligible for the sought for UFF violation 20 . In a dual atom interferometer the differential acceleration is derived from the simultaneous but independent measurements of each cloud free falling on its own. In drop test
11 the masses are coupled as two halves (Al and Cu) of a single vertical disk, which is sensitive only to differential accelerations between the two centres of mass (no differential effect, no signal). However, it still depends on release errors. In the torsion balance the test masses are coupled and sensitive to differential effects only, with one key additional property: that motion occurs around a position of relative equilibrium, which of course does not depend on initial conditions. As pointed out by 21 8 rad produced by the leading g term, yields 8 · 10 −10 g. The measurement is limited by seismic noise. Nevertheless, by comparing various portions of the imaged cloud and extracting correlated phase noise over many runs the phase shift noise was reduced by 100, thus inferring an acceleration sensitivity of 6.7 · 10 −12 g (with a shot-noise limiting sensitivity of 4 · 10 −12 g). Thus, the statistical reduction (6), by a factor √ N = 2000 in this case, has not been fully measured.
Each atom must obey Heisenberg's uncertainty Principle (HP), which states:
where = 1.054 · 10 −34 Js is the reduced Planck constant and the linear momentum contains the mass of the atom. For Rb it must be:
where N A 6.022 · 10 23 is Avogadro's number.
For each cloud made of a collection of N = 10 6
Rb atoms released together, the random errors on the initial centre of mass velocity and position are reduced by √ N . This is equivalent to a free mass with position error ( √ N ∆z • ) and momentum error (m Rb √ N ∆v • ), for which Heinseberg's principle states (N m Rb ∆v • · ∆z • ) HP −f reemass ≥ /2, hence:
This is the ultimate limit, since it is the HP limit for a single, free Bose-Einstein-Condensate of N atoms, and as such a lower limit to the initial conditions of the real experiment (free atoms released from an optical trap). A dual isotope 85 Rb, 87 Rb interferometer test of UFF in space, at h = 700 km altitude, aiming at η = 2 · 10
has been studied within the STE-QUEST proposal 9,10 . They plan to produce clouds of N = 10 6 atoms with 300 µm initial radius, 82 µm/s initial velocity spread and t = 5 s free fall time. The atoms in these clouds are a factor 66 above the HP limit (9). Their centres of mass have position and velocity errors smaller by a factor √ N = 10 3 , hence they are above the HP limit (10) by the same factor. Their per drop/shot contribution to the acceleration difference between the two clouds amounts to 2.8 · 10
This value is close to the reported 10 shot-noise limit 3.7 · 10 −13 g(h). Thus, assuming that drops of different isotope clouds are uncorrelated as in the single cloud case (no relative bias), the initial relative errors will decrease with the number of drops as √ n. Not so the systematic effect (7), which must be below the target in every drop. A factor 2.7 smaller than the target is considered safe by the proposers, who therefore require 10 :
The centre of mass of a free cloud of N = 10 6 Rb atoms cannot be confined in position and velocity with these errors because it would violate HP (10) by a factor of 1000 (even 10 6 is small compared to Avogadro's number). The only way to have, at initial time, two clouds with such small offsets is to make them close the hard way, before release from the trap, assuming they will stay that close once free. In the UFF test 3 to 10 −7 the offsets at release between the two 85 Rb, 87 Rb clouds have been estimated and are reported to be ∆z •−rel = ±2 mm and ∆v •−rel ≤ 6 mm/s, which are 2 million and 20 million times larger, respectively, than the values (11) required for STE-QUEST. Given that initial offsets are never measured concurrently with the drop, the whole experiment is at risk.
Furthermore, for the relative random errors to be reduced at the same level as (11) , n = 1.48 · 10 5 drops are needed, uncorrelated and in the same experimental conditions. In the experiment design outlined in 10 -20 s repetition time, 0.5 hr out of 16 hr dedicated to the experiment at perigee-one measurement requires 3 years. In the planned 5-year mission only one measurement will be performed.
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The systematic effect (7) can be separated from a violation signal by proving its dependence on the gradient (4) and its linear dependence on the free fall time. These checks require various full measurements at the target sensitivity, whose overall duration is unrealistic for a space mission.
In experiments to test the weak equivalence principle with free macroscopic masses, initial condition errors are a known limitation 21, 23 . Macroscopic masses have Avogadro's number on their side, while vanishingly small masses lead cold-atom drop tests to be limited by Heisenberg's principle. In the proposed space experiment 9, 10 there is no control of the relative position and velocity errors at release, and the time required for one single measurement is comparable to the entire mission duration, ruling out any analysis of systematics to discriminate the effect of initial condition errors from the signal. By comparison, Microscope 24 (to be launched in April 2016) can make one measurement to 10 −15 in 1.4 d while GG 22 requires a few hours to reach 10 −17 , the limitation being thermal noise in both cases 25, 26 . Acknowledgements. The author wishes to thank G. Catastini, for pointing out the need to check Heisenberg's principle, and A. Anselmi for invaluable discussions. Comments and contributions from M. Hohensee, E. Adelberger, C. S. Unnikrishnan, N. Ashby, M. Shao, S. Stringari, E. Polacco and F. Pegoraro are gratefully acknowledged.
2 In 10 the factor √ 2 in the differential acceleration disturbance produced by initial condition errors was omitted, and this has led to underestimate the integration time by a factor of 2, hence to conclude that one measurement can be performed in 1.5 years instead of 3. 
